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Characterization of movement on vertical circulations
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Abstract
A few years ago, it began in Portugal the development of buildings fire risk analysis model, named
MARIE, composed by eleven partial models according to the factors taking influence on that risk, drill,
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having the model for the building egress (MEE), constituted by the building description model (MDE) velocity,
and the occupants’ movement model (MMO), already been completed. During MMO development, flow,
and due to the absence of national data allowing the characterization and quantification of people’s density

movement kinematic aspects on adverse environments boosting building evacuation, as stated . .
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on fire emergency situations, it was adopted Predtechenskii & Milinskii (P & M) mathematical relations.
MEE is, nowadays, being improved, regarding both MDE and MMO. These improvements affecting
MMO are related, in one hand, with the occupants’ behaviour, and, in the other hand, with the
possibility of application to staircases of the mathematical relations of velocity and flow with
density deduced by Predtechenskii & Milinskii. Therefore, several evacuation drills performed at . o

. . . ) . . © Tsinghua University Press and
the University of Coimbra Campus were filmed and analysed, where 321 people were involved, in Springer-Verlag Berlin Heidelberg

order to obtain the expressions describing the movement in stairs, and later comparing them with 2012

P & M's expressions.

1 Introduction

Since a few decades, building evacuation on fire emergencies
has been the aim of several studies that were firstly focused
on the characterization of people’s movement, having later
progressed to the development of simulation models aiming
the evaluation of the evacuation time.

A few years ago, it began in Portugal the development
of a model of the fire risk analysis named MARIE, whose
structure is schematically represented in Fig. 1, constituted
by eleven partial models aiming the simulation of the main
factors’ impact influencing that fire risk (Coelho 1997).

The completion of these partial models composing
MARIE is far from being a reality, but a few studies have
already been made on its attempt, for one of them is now
concluded, some are under development and a few others
await its beginning.

The only partial model that has been developed is related
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to the building egress (MEE), constituted by two different
models, one related to the building description (MDE) and
another related to the occupants’ movement (MMO).

During MMO development, and due to the absence of
national data allowing the characterization and quanti-
fication of people’s movement kinematic aspects on adverse
environments boosting building evacuation, as stated on
fire emergency situations, it was adopted Predtechenskii &
Milinskii (P & M) mathematical relations (Predtechenskii
and Milinskii 1978).

A few years after its conclusion, and while at the same
time new studies are being developed aiming MARIE com-
pletion, MEE is, nowadays, being improved, regarding both
MDE and MMO.

About MMO, it’s been noticing some improvements
starting with the occupants’ behaviour till the evaluation of
the kinematic aspects related with its movement; one part
of that study related with the movement on staircases is
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List of symbols
D occupation density represented by persons EH building, e.g., Hospital of the University of Coimbra
per unit area (Present Faculty of Pharmacy of UC)
F total flow of a circulation element FE faculty of Economy of the University of Coimbra
F. specific flow of a circulation element FP facult}.l of Psychology and Sciences of the University
N, number of people of Coimbra
. . MARIE model of the fire risk analysis in buildings
v dlsplacemefrt velocity MEE model of building egress
Vin mean velocity MDE model of building description
Vine modified mean velocity MMO  model of occupants’ movement
Vinax maximum velocity P&M  predtechenskii & Milinskii
Vinin minimum velocity ucC University of Coimbra

EVACUATION MODEL
e ondl o)

2
Spread of f
building int

Model 1
Building description

3
ire in Fire detection
erior system

Model 5
Fire resistance of
building

Model of the movement
of occupants

6
Reliability of active
systems

Fig. 1 Suggested diagram for fire risk analysis in buildings

discussed in this article.

Fruin (1971) was one of the pioneers to study the
occupants’ movement in stairs, having concluded that the
speed of the occupants in stairs differ according age, sex and
the direction of the movement (upwards or downwards).

Templer (1974) came to the conclusion that movement in
stairs consumes ten to fifteen times more energy than walking
an equivalent distance in a horizontal path and that the
absence of a handrail, as well as an insufficient illumination,
increases the probability of happening an accident.

Several authors, such as Watanabe (1973) and Nelson
and Maclennan (1996), found mathematical expressions
relating velocity and flow with density.

74 8 9
Probability of Information Automatic
occurrence of fire management extinguishing systems

10 { ' 12 11
Cost-benefit Fildirsk Firefighting crews
analysis

Predtechenskii and Milinskii (1978) developed a study
during several decades that would allow them to define
mathematical relations between density and velocity and
between velocity and flow for three different types of
movement.

Pauls (1984), for instance, after analysing several
evacuation exercises, found expressions for the evacuation
time in stairs, according to the number of people using
them.

Another author, Proulx (2002) concluded that movement
in stairs is also affected by the space occupied for each
individual, carrying, or not, any child or personal object,
and by their own mobility conditions.
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Other authors also came to several conclusions regarding
the movement in stairs, highlighting:

- 19% of the occupants move with a velocity lower than
0.4 m/s and only 2% of them move at a rate above 1 m/s
(Peacock et al. 2009, 2010);

- the mean velocity in stairs (in general, the evacuation
process implies this downward movement) is 30% lower
when compared with the mean velocity in a horizontal
path (Choi et al. 2009);

- the global mean velocity in stairs without counter flow is
slightly superior than the one with counter flow (Kratchman
2007);

- the existence of a counter flow increases occupation
density and 86.5% of the occupants find other people when
entering the stairs, causing a bottleneck effect (Kratchman
2007);

- 91.2% of the occupants acknowledge the decrease of speed
when moving in stairs if other people are involved (Choi
et al. 2009).

Other authors, such as Kholshevniikov et al. (2008)
have been trying to evaluate the influence of occupants’
emotional state in displacement velocity. About this subject,
it is considered that movement in stairs is majorly influenced
by its geometric properties (e.g., number of steps, inclination
of the stair, depth and height of the steps, as well as the
existence and localization of the handrail), by the density
and the obstacles that occupants may find on their way down
(e.g., firemen going up to attack a fire, people with mobility
limitations, occupants in each floor trying to enter the stair,
among others) and not by people’s emotional aspects. In
fact, it is assumed that movement in stairs is, in general,
highly conditioned, for the influence of people’s behaviour
and their emotional state is not felt. The occupants already
using the stairs have made the decision to leave the building
and only in the presence of highly severe environmental
conditions (smoke and toxic gases), which are not common
to happen, that decision might be changed, so when entering
the stairs the occupants are willing to feel some emotional
tranquillity.

About the obstacles that may arise during the occupants’
movement in stairs, as previously mentioned, there are
some studies regarding the impact of the occupants during
the movement in stairs that, in each floor, want to enter the
stair. Defining rate of contribution as the relation between
the number of occupants in a stair, at a specific landing of a
floor, and the number of people entering the stair on that
floor, Pauls (2004), states that it usually is 2:1, meaning, in
three occupants arriving at the landing of a stair in a floor
level, two came from the superior section of the stair and
one came from that floor; however, he also states that, for
certain conditions, the flow on the stair may stop due to the

flow on the floor. Takeichi et al. (2006) came to the conclusion
that the junction of both flows at the stair landing is easier
when the density is lower. Moreover, when the density
increases at the stairs, the flow from the floor to the stairs
decreases. The flow from the floor to the stairs is higher
when the door giving access to the stairs is located so that
both flows converge at the landing and with the same
direction. If both flows converge at the landing but in different
directions, the flow on the stair decreases approximately
15%-20%. They also concluded that the flow entering the
stair decreases in 30% when the door is closed.

Aiming the characterization of the kinematic aspects of
movement (Pinto 2008), a few results established during the
analysis of several evacuation drills in different buildings of
UC are exposed in this article.

2 Characteristics of the population and the buildings
in study

All the evacuation drills analysed for this study were per-
formed in several buildings of the University of Coimbra,
and the occupants partaking it are, essentially, people who
develop their activity within an academic context. So, the
universe of analysis is, majorly, constituted by college students
aged 18 to 25, professors and other employees.

On these evacuation drills, it was studied the movement
of 321 occupants, not detecting the presence of people with
limited mobility capacities.

The drills were performed according to the evacuation
plans provided in each building, and can be distinguished
in two different types:

- Type A drills—Occupants are guided by security team
members;

- Type B drills—Occupants are not guided by security
team members.

The type of evacuation drills performed in each building
and the number of occupants per stair involved in each
drill is stated in Table 1.

Table 1 Type of evacuation drills per building

No. of occupants using the stair

Building Type A Type B during the drill
FE Yes No 67
FP Yes No 191
EH No Yes 63

As stated in Table 2, the drills were performed in three
different buildings, hence with different characteristics.

Each building has only one stair whose major
characteristics are stated in Table 3. The length of the stair
was measure by its axis and the area was measured in plan.
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Table 2 General characteristics of the buildings

Number  Exits to Typeof  Number of Evacuation
Building of floors  exterior  occupation people time (s)
FE 4 8 Educational 736 669
FP 3 1 Educational 396 439
EH 2 3 Educational 145 401
Table 3 Characteristics of the stairs
Buildings
Characteristics FE FP EH
Number of floors 4 3 2
Width (m) 1.07 1.56 1.20
Handrail Both sides No Both sides
Total length (m) 34.89 24.60 12.63
Total area (m?) 41.78 41.64 20.16
Landing between floors Yes Yes Yes
Number of steps 64 36 20
Steps Width (m) 0.30 0.30 0.30
Height (m) 0.18 0.14 0.185

3 Methodology and used means to obtain data

3.1 General aspects

To shoot the evacuation drills, it was necessary to call upon
various means, both material and human, as listed in Table 4,
according to each drill.

A shooting equipment was installed in each landing
of the staircase, as a scheme representation of its position
(XP1, XP2, XP3 and XP4) can be observed in Fig. 2, for FE
building. It can also be observed the evolution of occupant
O1 movement, since its entrance, at Floor 3, till its exit at
Floor 0.

This procedure was repeated for all occupants, thus
keeping a record of each occupant’s entries and exits from the
stairs; as a result, it was possible to acknowledge the evolution
of the movement at each instant.

Table 4 Type of evacuation and the used resources to shoot the
evacuation drills

Number of people involved

Participation
Internal Promotion of civil
Type of security and Camera  protection
Building evacuation team  evaluation operators team
FE With team 15 3 9 Yes
FP With team 14 3 7 Yes
EH  Without team — 2 6 Yes
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Fig. 2 Position scheme of the shooting equipment (XP) for data
collection at each floor of FE building and the record of passage
times of occupant O1

3.2 Organising data from footage

With the footage collected from the evacuation drills, it
was possible to establish, for each drill, the different types
of movement in stairs, in order to deduce the influence of
density in velocity and flow.

To achieve that, and after viewing all the footage, it was
organised a table with the identification of all observed users
(occupant 1: O1, occupant 2: O2, etc.), for each section of the
stair, and with its passage time at the shooting spots.

Taking the stair of FE building as an example, the
results attained for that building are shown in Table 5.

Analysing Table 5, it is possible to state, for example,
that occupant O1 reaches shooting spot XP1 (landing of
the stair at Floor 3) after 2 s, XP2 after 8 s, XP3 after 15s,

Table 5 Passage time at the floors for the stair of FE building

Timing (s)

Occupant Floor 3 Floor 2 Floor 1 Floor 0
o1 2 8 15 17
02 3 7 14 18
03 5 11 17 20
04 3 10 17
05 4 9 21

06 2 9
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and exits the stair after 17 s, knowing that the time counting
starts when the automatic fire detection and alarm system
is activated.

Regarding similar tables to Table 5, the following step was
dedicated to the development of a Visual Basic Applications
macro, aiming the automatic creation of other tables, allowing
to identify, over time, the number of occupants found at each
section of the stair, as stated in Table 6, for FE building.

Analysing Table 6, it is possible to state that, for
example, after 10 s the occupants’ distribution at different
sections of the Stair is as follows:

- 1 occupant at Section 3-2;
- 2 occupants at Section 2-1;
- 2 occupants at Section 1-0.

Also by analysing Table 6, it can be concluded that
after 17 s the number of occupants decreases at Section 1-0,
meaning that there is one person at that instant who is
exiting the stair, which agrees with what was stated in
Table 5, for the first occupant entering the stair (O1) arrives
at Floor 0 after 17 s.

However, both previous tables do not include enough
information required to evaluate when there is a variation
on the number of occupants at each section of the stair
between landings, for a new macro was developed, using
the first one, allowing the construction of Table 7.

Table 6 Number of occupants over time, by sections of the stair
in FE building

Number of occupants

Timing (s) Section 3-2 Section 2-1 Section 1-0

2 1 1

—_
—

W W NN

3
4
5
6
7
8
9

10 1
11
12
13
14

—_
D W W W N W R W N NN
—

15 1
16 1
17
18
19
20
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—

Table 7 Identification of courses and its timing for each occupant
of the stair in FE building

Occupants

Section 3-2 Section 2-1 Section 1-0

Timing
(s) Number In

Out Number In Out Number In Out

0

1

2 1 o1 1 06

3 2 02 1 04 1

4 2 2 05 1

5 3 03 2 1

6 3 2 1

7 2 02 3 02 1

8 1 O1 4 0O1 1

9 1 3 05 1 05 06

10 1 2 04 2 04

11 03 3 03 2

12 3 2

13 3 2

14 2 02 3 02

15 1 O1 4 O1

16 1 4

17 03 3 03 Ol
04

18 2 02

19 2

20 1 03

21 05

In Table 7, for each instant, there is a set of information
allowing the characterization of the movement according
to each occupant, highlighting:

- number of users per section at each instant of time;
- identification of the occupant at each instant;

— passage times on floor landings for different users;
- total time taken by each occupant to exit the stair.

Therefore, observing Table 7, it is possible to conclude
that, for example, at instant t=10s Section 3-2 only has
occupant O3. At that same instant, there are 2 occupants at
Section 2-1 (occupants O1 and O2) and occupant O4 left the
stair. For each building and for each stair it was established a
table similar to Table 7, containing all necessary information
to analyse the occupants’ movement in stairs.

4 Analysing the different types of movement

4.1 General aspects

The analysis made for this particular study led to the
evaluation of several mathematical relations describing
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occupants’ movement and its comparison with P & M
relations (Predtechenskii and Milinskii 1978).

Although the main intention was to study the movement
in group, this analysis was also focused on the following types
of occupants’ movement:

- free movement;
- movement in group;
- movement behind the group.

To identify these types of movement, it was established
a criteria explained in the following sections.

4.2 Free movement

The definition of free movement describes a condition of
low density, where the movement of any occupant is not
disturbed by the nearness of other occupants.

To define this movement, it was adopted the criterion
of not having more than 5 people in a section between 2
successive floors, when a new occupant enters that section.

Observing the tables keeping record on the number of
occupants at each instant and section of the stair, and
regarding the defined criterion, it was possible to identify
those who have this type of movement and, later, the time
they take to complete that course (£,).

Knowing t,, the velocity of each occupant was calculated.
Therefore, considering these several values for velocity (V),
its mean value (V,,), was calculated for each building and
for each stair. Table 8 shows, for each stair, the calculated
values for Vi, as well as the values for maximum velocity
(Vimsx) and minimum velocity (Vimin) observed in this study.

The value for modified mean velocity, Vi, accurately
describes the occupants’ velocity in each situation, for it
excludes circumstances of atypical behaviour in which
movement is excessively slow or fast. In this case, all velocity
values outside the interval [V, — o3V, + 0], where ¢ is the
standard deviation for velocity, were not taken into account.
The standard deviation is a homogeneous value and is the
same for all density values.

When comparing the values for modified mean velocity,
stated in Table 8, for each building, there’s a significant
difference between EH building and the other two, for it is
notably inferior. This can be partially explained by the total
length of the course and the number of steps, which are
also inferior when compared to the other two buildings. In

Table 8 Mean velocity for free movement in stairs

fact, EH building has the smallest course length (12.63 m)
and the lowest number of steps (20), while FP building has
24.60 m and 36 steps and FE building has 34.89 m and 64
steps. This difference may suggest that occupants need to
take some time to adjust themselves to a movement that is
distinct from the horizontal, and only then they gain normal
velocity, all the more noticeable the lower is the height of
the building.

4.3 Movementin group

Group formations are common during evacuation, where
in this case the mutual influence of nearby occupants is
significant. This is an essential type of movement deserving
an accurate analysis, for the following criteria was adopted to
identify all groups formed during the performed evacuation
drills:

— when there are 10 occupants between consecutive landings
of a stair, or:

- when the number of occupants between consecutive landings
of a stair is less than 10, after an equal or superior state,
rapidly reaches it (maximum of 3 seconds).

The method of analysis was similar to the one used for
occupants with free movement, calculating the mean velocity
Vi for all occupants, then evaluating the interval [V,, —o;
V. + 0] and later calculating Vi, as Table 9 summarizes
its values.

Analysing Vi, velocity, and regarding the conclusions
taken for free movement, it is possible to state that:

— The value of Vi, for downward movement decreases as the
number of steps and the total length of the course increases.

Another analysis was focused on the relation between
velocity and density and between specific flow and density.

The number of occupants (N,) was assumed to be the
mean of occupants at a section when the occupant being
studied enters and leaves that section, meaning:

N, =(No. of people entering the section of the stair+
No. of people leaving the section of the stair)/2 (1)

Density is calculated using the expression:

D:7 2)

Table 9 Mean velocity for movement in group in stairs

Direction of Vi Vimix Vi Vine Direction of Vi Vimix Vinin Vine

Building movement (m/s) (m/s) (m/s) (m/s) Building  movement (m/s) (m/s) (m/s) (m/s)
FE Downward 0.949 1.075 0.591 0.983 FE Downward 0.785 1.248 0.510 0.773
FP Downward 0.841 1.025 0.559 0.851 FP Downward 0.728 1.118 0.559 0.708
EH Downward 0.649 1.053 0.361 0.616 EH Downward 0.454 0.789 0.371 0.424
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where:

N,: mean number of people at the section;

D: density (person/m?);

A: area measured in plan of the section of the stair
between two floors (m?).

As for specific flow, it is given by the expression:

E=V-D (3)

where:

F.: specific flow (person/(m-s));

D: density (person/m?);

V: velocity (m/s).

After the evacuation drills, the analysis of these calculated
values was made regarding each building and the three
buildings as a set. It was found the expressions relating
velocity and flow with density, as well as its correlations.
Besides, it was established a comparison with P & M ex-
pressions regarding to normal conditions of the movement
(P & M-N) and to emergency conditions (P & M-E).
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Equations (4) and (5), regarding the calculated
approximations for FE building, are represented in
Fig. 3(a) and (b), as well as P & M expressions concerning
emergency movement; it can be stated that the properties
of the movement in the drills fit between these two types of
movement.

V =-0.320-D+1.031 R*=0.290 (4)

F, =—0.4669-D+0.2437 R®=0.5272 (5)

The highest values for density and the lowest coefficient
of correlation were registered during the study of this
building’s stair.

As for FP building, Egs. (6) and (7) were established,
as represented in Fig. 4 (a) and (b) along with P & M ex-
pressions. Also for this building, the movement in the drills
fits between emergency movement and normal movement.
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Fig. 4 FP building, variation of: (a) velocity with density; (b) specific flow with density (upward movement in group)
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V =-0.397-D+1.087 R*=0.629 (6) F =0.2456-D+0.1741 R*> =0.5601 9)

5 Now considering the set of the three buildings, the
F, =0.5157-D+1.831 R"=0.8548 (7)

Regarding EH building, Eqs. (8) and (9) are represented
in Fig. 5 (a) and (b), along with P & M expressions. The values
obtained from the drills are, as it can be observed, inferior to
the ones from P & M’s normal movement. Comparing with
the other two buildings, this difference can be explained,
on one hand, by the absence of a security team and, on the
other hand, by the low length of the course. In fact, the
absence of a security team guiding evacuation may contribute
to increase the velocity, as the influence of the course length
was already discussed for free movement.

V =-0.4061-D +0.8005 R*>=0.562 (8)

1.0
0.9 .__$

0.8 +—

07 =

—
0.6 -——Sl-:..\_

P ——
-:\-

T 05— =
N 0.4 +—— % ..N_‘._

0.3 {—m=werwmt Evacuation drills

t
0.0 | —P & M—IE =
et P & M-N
0.1 +—
0
0.4 0.5 0.6 0.7 0.8 0.9 1.0

D (person/m?)

Fig. 5 EH building, variation of: (a) velocity with density; (b) specific
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following expressions and its correlations were determined:

V =-0.3313-D+1.029 R*=0.4336 (10)

F. =0.5398-D+0.1642 R*=0.8031 (11)

It is possible to state that both the velocity (Fig. 6(a))
and the flow (Fig. 6(b)) of the movement during evacuation
drills are according and between the values obtained from
P &M expressions for normal movement and emergency
movement, approaching the emergency movement for lower
densities and normal movement for higher densities.
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Fig. 6 FE, FP and EH buildings, variation of: (a) velocity with density; (b) specific flow with density (upward movement in group)
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4.4 Movement behind the group

The analysis of the movement behind the group aimed the
evaluation of the occupants’ approach regarding a group
following ahead.

To identify the occupants with this type of movement
it was considered the last five people entering a group,
regardless of the number of people at the section.

The method to treat and analyse the movement behind
the group is similar to the one described for previous
situations, calculating a mean velocity V,, for all occupants,
then evaluating the interval [V, —0;V,, + 0] and later
calculating Vi, as Table 10 summarizes its values for each
building.

The mean velocity for the movement behind a group
is significantly inferior when comparing EH building with
the other two, as previously stated for free and in group
movements.

The decrease of velocity stated for the other two types
of movement regarding the stair with less development
(number of steps and length) is not, however, that significant
for the movement behind a group.

Table 10 Mean velocity for movement behind the groups in stairs

Direction of Vi Vinix Vinin Vine

Building movement (m/s) (m/s) (m/s) (m/s)
FE Downward 0.777 0.910 0.696 0.757
FP Downward 0.910 1.025 0.820 0912
EH Downward 0.659 0.702 0.665 0.648

45 Comparison of different movement situations

Table 11 was created on the attempt to identify the differences
for the occupants’ velocity regarding each type of movement,
where, for each stair, the modified mean velocities are
compared according to each type of movement and the
percentage of occupants involved.

Table 11 Mean velocity for each situation of movement

Type of Movement
Building Characteristic Free Group Behind

- Velocity (m/s) 0.983 0.773 0.757

% Occupants 10 80 10
Velocity (m/s) 0.851 0.708 0.912

FP % Occupants 12 81 7

EH Velocity (m/s) 0.616 0.424 0.648

% Occupants 27 63 10
Global mean  Velocity (m/s) 0.828 0.693 0.871

values % Occupants 20.5 71 9.5

Analysing Table 11, it is possible to state that, for each
building and for the three considered types of movement,
there is, regarding the values for velocity, the following
pattern, except for FE building:

- of the three considered types, the movement behind the
group is the one with the highest velocity, following the
free movement and, at last, the movement in group, which
has the lowest velocity;

— there is a tendency of approach from the occupants to
the preceding group, as velocity increases for this type of
movement.

As for the percentage of involved occupants in each
situation, and regarding the global mean values, there are
70% of occupants moving in group, 20.5% in free movement
and only 9.6% moving behind groups.

5 Conclusions

From this analysis it was possible to take some preliminary
conclusions, still awaiting its confirmation, or not, as studies
progress, highlighting:

— the highest velocity occurs for movement behind groups
(there is a tendency of approach from the occupants to the
preceding group) following the free movement and, at last,
the movement in group;

—as for the percentage of the occupants involved in the
movement, and regarding the global mean values, there
are 70% of occupants moving in group, 20.5% in free
movement and only 9.5% moving behind groups. Therefore,
the most significant movement in stairs is the movement
in group;

- occupants need to take some time to adjust themselves
when moving from a horizontal plan to a staircase, for
the movement in stairs has different characteristics from
the movement in horizontal circulations, so it is common
that velocity in stairs is lower at the first instants, all the
more noticeable for lower buildings;

— in the absence of a security team, the values of velocity and
flow for the movement in the evacuation drills are inferior
when compared with the values from P & M expressions
for normal movement;

- P & M expressions for the emergency movement lead to
higher values of velocity and flow, when compared with
the evacuation drills’ values, for the characteristics of
the movement are amongst normal and emergency
movements, even in the presence of a security team;

— if these results are confirmed as future studies arise, it means
that using P & M expression for emergency situations may
lead to unsafe conclusions;

- taking all the records from the evacuation drills into
account, the following expressions for the movement in
group were obtained:
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V =-0.3313-D+1.029 R*=0.4336

F. =0.5398-D +0.1642 R*=0.8031

It is important to keep acquiring new data about move-
ment in stairs, in order to confirm, or change, the deduced
mathematical relations and, also, to evaluate the impact of
several factors in that movement, such as:

- influence of the opened doors in the movement of the
occupants already in the stairs;

- influence of new occupants’ entry in the stairs, regarding
those who are already in the stairs.
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